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1.  INTRODUCTION 


It  has  been  demonstrated  in  ground  tests  and  observed  from  flight  motor  performance 
data  that  an  increase  in  radial  and/or  axial  acceleration  results  in  an  increase  in  the  amount  of 
slag  accumulated  in  the  chamber  of  a  motor  with  a  submerged  nozzle  d^ign.  The  slag  is 
composed  of  aluminum  and  alumina  (AI2O3)  residue  frcrni  the  combustimi  of  aluminized  solid 
propellant.  The  presence  of  slag  in  the  chamber  influences  motor  burnout  weight,  soak-out 
thermal  environment,  residual  thrust,  and  motor  performance.^  An  exc^ive  amount  of  slag 
in  the  chamber  also  could  impact  mission  success.  It  has  been  postulated^  that  overiieating  of 
the  motor  case  and  loss  of  structural  rigidity  around  the  noz^  contributed  to  the  notorious 
nutational  instability  (coning)  associated  with  a  spinning  flight  motor,  as  a  result  of  slag  accu¬ 
mulation  in  the  motor  chamber. 

From  a  space  vehicle  performance  standpoint,  the  maximum  amount  of  slag  allowed  to 
be  accumulated  in  the  motor  chamber  is  limited  by  the  motor  payload  delivery  capabiUQr  and 
by  the  abili^r  of  the  onboard  nutation  contrtrf  system  to  correct  vehicle  wobbling  since  slag 
has  been  considered^  to  be  <Mie  of  the  factors  that  could  contribute  to  vehicle  oming.  For  ex¬ 
ample,  a  slag  mass  of  44  lb  (20  kg)  has  been  establisl^  as  the  maximum  allowable  amount  of 
slag  in  the  payload  assist  module  (PAM)  motor  chamber  that  can  be  tolerated  the  PAM-S/ 
Ulysses  mission.  However,  different  methodologies  yield  different  amounts  of  slag  in  the 
chamber  of  a  flight  motor.  The  slag  masses  ranging  from  1  to  70  lb  (0.45  to  31.8  kg)  have  been 
predicted  by  different  analysts^  for  the  PAM-S/Ulysses  mission.  But  no  spinning  flight  space 
motor  has  been  recovered  to  provide  a  slag  database  for  quantitative  comparison. 

It  is  the  intent  of  this  report  to  address  the  effect  of  slag  accumulated  in  the  chamber  on 
the  thermal  environment  of  a  spinning  PAM  (Star-48)  motor,  A  thermal  model  is  developed 
for  this  purpose.  In  the  area  in  which  the  insulation  is  covered  by  propellant  during  motor 
firing,  the  soak-out  thermal  environment  is  determined  by  the  amount  of  slag  accumulated  in 
the  motor  chamber.  In  the  remaining  area  of  the  motor  case,  in  which  the  insulatitm  is 
posed  to  hot  combustion  products,  the  thermal  enrironment  is  determined  by  the  motor  spin¬ 
ning  rate  during  motor  firing  (which  affects  insulation  erc^ion  rate)  and  by  the  amouin  of  slag 
retained  in  the  chamber  during  heat  soak.  Based  on  extrapolaticm  of  the  slag  radiation  heat¬ 
ing  level  derived  from  the  ground  qualification  motor  test  data,  the  thermal  enrironments  cor¬ 
responding  to  various  in-flight  slag  masses  can  be  calculated.  Recorded  data  rni  the  aft  dmne 
of  a  previously  flown  PAM  motor  are  analyzed  and  compared  with  the  analy.sis  results.  The 
thermal  environment  of  the  spinning  PAM-S  motor  for  the  UIj'sses  missitm  is  predicted  and 
presented.  Utilization  of  temperature  history  on  the  outside  surface  of  the  motor  case  to  as¬ 
sess  the  insuiation  erosion  rate  and  the  amount  of  slag  accumulated  in  the  chamber  of  a  flight 
motor  is  discussed. 
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2.  pam-sajlysses  mission  overview 


lb  propel  spacecraft  fr<Hn  low  earth  orbit  into  final  orbit,  the  Ufysses  missicMi  ($(^  po¬ 
lar  orbit  ^na  Jupiter)  adopts  the  nonspinning,  inertial  upper  stage  (lUS),  two^^  scrfid  rock¬ 
et  motors;  it  also  uses  a  PAM-S  free-spinning,  solid  rocket  motor.  The  PAM-S/Ui^ses  is 
scheduled  to  be  launched  in  October  1990.  Because  of  low  spacecraft  ««ight  and,  hci(%,  hi^ 
peak  axial  acceleration  during  motor  firing,  separation  of  the  Ulysses  spacecraft  from  the 
PAM'S  (Star-48B  motor)  payload  adapter  (see  Fig.  1)  is  delayed  until  510  sec  after  nimor 
burnout  (600  sec  from  ignition).  This  is  done  in  order  to  avoid  re-contact  between  tl^  spat^- 
craft  and  the  expended  stage  due  to  the  presence  of  residual  thrust  in  the  mc^.  The  r^idual 
thrust  comes  from  pyrolysis  gas  generated  from  heat  soak  of  the  motor  case  insulation.  The 
extent  of  heat  soak  is  influence  by  the  temperature  of  the  nozzle  block,  the  amount  of  residu¬ 
al  a>mbustion  products,  and  slag  retained  in  the  chamber  after  motor  bunumt.  The  PAM-S 
motor  slMjwn  in  Rgure  2  is  to  be  spun  at  72  rpm  with  a  “free-spin”  gas-generator  system.^ 

The  peak  axial  acceleratimi  reach^  11.1  g.  which  is  much  hi^r  than  a  typical  PAM-D 
($tar-48)  flight  motor  (4.S  g).  The  PAM-S  mmor  is  identical  to  the  PAM-D  nmtor,  except  for  a 
30-lb  (B.6  kg)  increase  in  prt^llant  load  and  a  carbmi/phenolic  exit  cmie  (see  Fig.  3)  instead 
of  a  2-D  carbon/carbon  exit  ame. 
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Figure  1,  U'vsses/PA'n-S/IUS  Configuration 
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3.  C0RREL4TI0N  AND  ANALYSIS 


Hie  thermal  model  based  on  the  charring  and  material  ablaticn  (CMA)  propam*  was 
developed  under  this  study  to  compute  the  temperature  of  the  PAM  orator  case.  The  thermal 
model  «m$ideis  silica-tilled  ethylene  propylene  diene  nitmonrar  (EPDM)  rubber  insulatim 
charring,  variable  material  thermal  properties  for  both  rubber  and  titanium,  and  time-depoid- 
ent  radiation  heating  from  nozzle  bkx:k  and  slag.  Although  tlra  CMA  program  is  used  eiten- 
sively  in  industry,  its  application  to  rubber  material  is  infrequent,  primarity  becau^  of  the 
lack  of  kinetic  reactimi  constants  and  pyrdysis  gas  enthalpy  data  for  rubber  charring  pro(^ 
simulation.  The  material  properties  shown  in  Reference  7  provide  ad^uate  information  for 
the  present  EPDM  charring  and  material  ablation  anal3^is.  The  PAM  titanium  motor  case 
thickness  is  0.069  in.  (0.175  cm);  the  EPDM  insulation  thickness  varies  from  0.04  in.  (0.1  cm) 
at  the  forward  dome  to  0.40  in.  (1.0  cm)  at  the  aft  dmne.  lable  1  summarizes  the  PAM  static 
test  motors  considered  in  this  report  The  t^peratuie  measurement  locations  at  the  frmrard, 
mid,  and  aft  dtunes  of  the  PAM  qualification  mmors,  used  for  present  analysis  comparison, 
are  no^  in  Hgure  2.  The  bmindary  cmditimis  for  the  CMA  thermal  model  are  discussed  in 
the  foliovring  subsectimis. 

3.1  BACKWALL  SURFACE  BOUNDARY  CONDITION 

A  radiation-oraling  boundary  omdition  with  02  emissivity  and  reservmr  temperature  at 
ambient  omdition  (60*F)  (16*C)  is  applied  on  the  backnall  surface  of  the  bare  titanium  with- 
(Hit  the  multi-layer  insulation  (MU)  blankos  to  cover  the  (Hitside  surface  of  tlra  nKAor  case. 
When  the  motor  case  is  covered  with  MU  blankets,  an  adiabatic  bcHuidaiy  rranditkm  is 
applied  (m  the  titanium  backwall  surface  of  the  thermal  model.  The  analysis  results  indicate 
that  the  adiabatic  backwall  bturndaiy  trandititm  gives  a  peak  temperature  approsdmately  40*F 
(22*C)  higher  than  that  of  the  radiation  (xxriing  bcmndary  condition  during  Iraat  soak.  Since 
the  PAM  qualificatitm  motors  were  t^ted  witlKHit  MLI,  the  results  of  analysis  with  the  adia¬ 
batic  boundary  trandition  wfil  not  be  shown  in  this  report.  N(He,  hoa^s^r,  that  MU  owers  the 
outside  surface  of  the  motor  case  (Mi  the  flight  nrator.  Abo.  the  predicted  peak  motor  case 
temperature  for  a  flight  nrator  neecb  to  be  increased  by  40*F  (ZZ'C)  to  account  for  the  differ¬ 
ence  betwjen  radiation-cooling  and  adiabatic  backwall  boundary  (randiticms. 

3.2  HEATED  SURFACE  BOUNDARY  CONDHION  DURING  MOTOR  FIRING 

For  a  non-spinning  grcmnd  motor,  since  -/rarticie-to-gas  v(rfume  fraction  is  small  (less  than 
0.001).  sfMtty  contact  ocxiurs  between  alun’/n4  p.itticles  and  the  EPDM  charral  eroding  sur¬ 
face  during  mmor  firing.  The  temperatur.  m  the  EPDM  charr^  erexiing  surface  is  set  at 
1M0*F  (816’C);  the  temperature  was  obtain?  i  m  an  arc  jet  test  ctmducted  during  the  lUS 
anomaly  investigation  in  1^*  and  prcvii’ts^  ijiK  J  results  for  insulaticm  desi^  of  n«i-spinning 
motors. 
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For  a  spinning  ground  motcv,  continuous  shearing  ccmt^  between  alumina  partk^  ai^ 
the  EPDM  charr^  eroding  surf^  dictates  that  a  particte  surface  scriidificatitni  temp^ature 
(3720*F)  (2049*C)  be  imposed  ot  the  EPDM  i^ted  sutfaux  throu^iout  il«  duration  erf  niottn' 
firing.  Although  the  temperature  d  molten  alumina  particle  in  the  chambe  is  at  6000*F 
{3316*CX  the  particle  surface  sdidiOcation  occurs  immediate^  after  the  nuriten  pattktes  sur- 
f£u:e  oMne  in  contact  with  a  coc^  (1500*F)  (816*C)  EPDM  pyrofysis  gas  i^er;  inotim  qtin- 
ning  sustains  this  emtinuous  cmitact  betweei  the  EPDM  charred  eroding  surface  and  the  so* 
lidified  surface  of  alumina  particle. 

In  additirm,  for  a  spituiing  ground  inottv.  the  slqpe  oi  the  reemded  tenperalure  vesus 
the  time  curve  on  the  outside  surface  of  the  motm  case  at  the  end  of  bum  is  used  to  derive 
the  insulatimi  erosimi  ram  during  motor  firing.  This  is  den^  iterative^  through  trial  ami  er¬ 
ror.  The  CMA  thermal  model  is  run  and  a  seardi  for  an  anafysis  EPDM  eroskm  rate  is  con¬ 
ducted.  This  prodiKe  the  slope  temperature  msus  the  time  curve  on  the  outride  suihKe 
of  the  mmor  case  in  agreement  with  the  measured  value  at  the  end  of  bum.  In  the  am  in 
which  insulation  is  eiqxKed  to  hm  cmnbustkxi  products  durii^  motor  firing,  the  duratkNi  d 
exposure  needs  to  be  ^^ned  from  moUM'  t»Ili^(s  anafysis.  Oi  the  aft  dome  of  the  PAM  mo¬ 
tor  shown  in  Figure  2,  full  duration  d  e]qx)sure  throt^bout  mmm  firing  occurs  on  the  in»da- 
tkm’s  heat^  surface. 

Based  (m  the  iterative  mdbod  discussed  above.  Figure  4  shows  the  dorived  EHMI  tto- 
rion  rates  from  the  piesemt  analysis  as  a  funcrian  d  motor  rpm  on  tiai  aft  dome  of  the  PAM 
qualificatkm  motors  f&bfe  1).  Stown  in  the  same  figure  are  the  slag  masses  at  differ^  jqnn- 
ning  rates  fxom  the  ^ound  motor  teris.  For  motens  with  chmnber  and  grain  derign  (fiSrient 
from  those  of  the  PAM  motor,  the  relatiottship  b^ween  the  iimiiutkai  owioo  rato  and  the 
motor  spiiming  rate  may  imt  be  the  same  as  that  ^ven  iKie;  tnit  it  can  be  derived  sunOarfy 
frmn  the  nratm  test  data.  This  tep^  neverthel^  illustrates  a  method  d  evaluatii%  i^da- 
tirni  thidciiess  at  the  end  of  motor  firing  Imed  on  the  temperature  infmmatmn  lecmded  on 
the  outside  surface  of  Uk  nnrtm  case  from  an  EPDM  charrii^  and  material  ridatioo  thermal 
analysis. 

Normally,  the  iieulation  eroskm  rate  derh«d  frtmi  the  analyris  can  be  com{»r^  vrith  tte 
measuriKi  post-test  insulatkm  thickness,  if  tl^  motor  is  queiKlmd  to  {neseive  the  insidsMxi 
condition  at  the  end  d  bum.  Unfmomately,  no  part  d  the  PAM  qualification  mt^  vras 
qimtchoi  at  the  end  d  bum;  and  the  nmasumi  post-test  imulation  thiciness  <mm{NM  in  Rri- 
erence  9  is  mM  reliabfe.  For  ocanq^  on  the  aft  tkmie,  the  marimum  s<mk-mit  wnp&aXme  d 
tl«  PAM  qualificatkm  mcKcns  read^s  b^weoi  350*F  (177'C)  for  the  Q2  nnkN-  a^  500*F 
(260*C)  fm  the  Q6  motor,  Miidh  meeds  the  aikwmUe  bondUim  tempendime  drimnd  b^weoi 
Urn  EPDM  insulatkm  and  the  titanium  nudor  rase  necessarily  occurs.  This  esqriains  tiie 

nmasur«l  prat-test  case  insulatkm  tfikdoiess  varies  rignifirantfy  at  differait  azimutlud  lora- 
titms  with  the  sanm  radial  distamx.  This  also  oqriains  wlqr  the  ineasur«I  pM-test  csso  umda- 
titm  thickm^  is  much  ^eater,  in  son«  instances,  than  tlm  pretest  thicloim. 
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of  the  soak-out  radiation  heat  flux.  The  quantitatl.e,  time-dependent,  radiation  heat  flux  is 
derived,  iteratively,  from  correlating  (or  matching)  computed  temperature  from  the  CMA  ther¬ 
mal  model  with  the  measured  temperature  obtained  from  a  reference  ground  motor  test.  No 
good  agreement  between  analysis  result  and  measured  temperature  data  can  be  obtained,  if  a 
constant  radiation  heating  rate  is  used  or  a  non-charring  analysis  is  performed,  such  as  that 
accomplished  in  References  10  and  11. 

On  the  forward  dome  and  a  portion  of  the  mid  dome  of  the  PAM  motor  shown  in  Fig¬ 
ure  2,  the  insulation  is  covered  by  the  propellant  and  is  not  exposed  to  hot  combustion  prod¬ 
ucts  until  all  the  propellant  has  been  consumed.  There  is  no  EPDM  insulation  erosion  in  this 
region  from  the  present  thermal  model.  Only  the  heated  surface  boundary  condition  during 
heat  soak,  as  discussed  previously,  needs  to  be  imposed  on  the  insulation  heated  surface.  In 
this  report,  the  measured  temperature  data  from  the  Q2  motor  [30  rpm,  0.14-lb  (0.06  kg)  slag] 
are  used  to  derive  the  reference  radiation  heating  rates  during  heat  soak  at  forward-,  mid-  and 
aft-dome  stations  of  the  PAM  motors  shown  in  Figure  2.  On  the  aft  dome,  where  the  insula¬ 
tion  is  exposed  to  combustion  products,  the  heated  boundary  condition  during  motor  firing 
needs  to  be  imposed  on  the  eroding  EPDM  heated  surface  before  the  soak-out  heated  bound¬ 
ary  condition  is  applied  to  the  thermal  model  on  the  aft  dome.  These  time-dependent  refer¬ 
ence  radiation  heating  rates,  which  provide  a  good  match  between  the  computed  temperature 
and  the  measured  temperature  on  the  outside  surface  of  the  Q2  motor  case,  are  shown  in 
Figure  5. 

For  a  motor  spinning  at  a  different  rpm  than  that  of  the  reference  Q2  motor,  the  radi¬ 
ation  heating  rate  is  obtained  from  multiplying  the  reference  radiation  heating  rate  by  a  con¬ 
stant  enhancement  factor,  representing  the  effect  of  increasing  (or  decreasing)  the  amount  of 
slag  in  the  chamber,  without  changing  the  shape  of  the  reference  time-dependent,  radiation 
heating  rate  curve.  This  is  tantamount  to  directly  relating  the  chamber  thermal  environment 
to  one  single  parameter,  namely,  the  amount  of  slag  retained  in  the  chamber  during  heat  soak. 
Consequently,  the  amount  of  effort  spent  in  correlating  the  temperature  data  obtained  from 
various  ground  motors  can  be  reduced  significantly.  It  will  be  shown  in  Section  4  that  this  ap¬ 
proach  works  well  for  the  motors  considered  in  this  study. 

Figure  6  shows  the  soak-out  radiation  heating  enhancement  factor  as  a  function  of  slag 
mass  derived  from  this  method  for  the  PAM  qualification  motors  of  Tkble  1.  Once  the  soak- 
out  radiation  heating  rates  for  the  ground  motors  have  been  established  from  test  data  corre¬ 
lation,  the  soak-out  thermal  environment  of  a  spinning  flight  motor  with  any  specified  amount 
of  slag  in  the  chamber  can  be  obtained  from  extrapolation  (or  interpolation).  Apparently,  if 
more  test  data  at  different  motor  spinning  rates  are  available,  analysis  results  will  be  more 
reliable  in  predicting  the  flight  motor  thermal  environment  with  a  specified  amount  of  slag  in 
the  chamber.  Since  accurate  determination  of  the  amount  of  slag  in  the  spinning  flight  motor 
chamber  is  a  difficult  task  and  is  a  subject  of  further  study,  the  methodology  presented  here 
will  be  directly  applicable  to  evaluating  a  motor  case  thermal  environment  associated  with  a 
conservatively  estimated  ( -i-  3  sigma)  amount  of  slag  in  the  flight  motor  chamber. 
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Figure  5.  Q2  Motor  Soak-Out  Radiation  Heating  Rate 


Figure  6.  Heating  Rate  Enhancement  Factor  and  Maximum  Temperature 
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4.  GROUND  MOTOR  TEST  DATA 


Correlation  with  the  temperature  data  based  on  the  derived  Q2  radiation  heating  rate 
results  in  the  heating  rate  enhancement  factors  shown  in  Figure  6  for  the  qualification  motors 
given  in  Table  1.  Figure  7  shows  ti;e  comparison  of  soak-out  temperature  history  on  the  for¬ 
ward  dome  of  the  PAM  motor  from  this  analysis  with  that  from  the  Q5  motor  test  data.  The 
enhancement  factor  for  the  radiation  heating  rate  from  a  reference  Q2  motor  [0.14-lb  (0.06-kg) 
slag]  to  the  Q5  motor  [4.50-lb  (2.0-kg)  slag]  is  2.0.  The  agreement  between  the  results  of  analy¬ 
sis  and  test  data  is  very  good  throughout  the  entire  history  of  soak-out.  The  peak  temperature 
reached  on  the  forward  dome  during  heat  soak  for  a  4.50-lb  (2.0-kg)  slag  in  the  PAM  motor 
chamber  is  615°F  (324‘'C).  Shown  in  the  same  figure  are  the  results  from  the  analyses  of  Ref¬ 
erences  10  and  11,  which  use  a  constant  slag  temperature  and  a  non-charring  thermal  analysis 
and  fail  to  match  the  soak-out  temperature  history. 

Similar  good  agreement  between  the  computed  and  measured  soak-out  temperature  his¬ 
tory  on  the  forward  dome  of  the  Q6  motor  [9.50-lb  (4.3-kg)  slag]  is  illustrated  in  Figure  8.  The 
enhancement  factor  for  the  radiation  heating  rate  from  the  reference  Q2  motor  [0.14-lb 
(0.06-kg)  slag]  to  the  Q6  motor  [9.50-lb  (4.3-kg)  slag]  is  2.222  (see  Fig.  6).  The  peak  tempera¬ 
ture  reached  on  the  forward  dome  during  heat  soak  for  a  9.50-lb  (4.3-kg)  slag  in  the  PAM  mo¬ 
tor  chamber  is  634^  (334"C).  The  measured  temperatures  for  the  Q6  motor  (and  other  qual¬ 
ification  motors)  were  wrongfully  adjusted  and  reported^®-^^  simply  by  subtracting  the  mea¬ 
sured  Q6  motor  case  temperature^  by  80*F  (44*C)  at  every  data  point  to  reflect  the  change 
from  an  initial  propellant  temperature  [llO'F  (43"C)  for  the  Q6  motor]  to  a  reference  30"F 
(-1°C).  Figure  8  shows  that  the  difference  between  the  motor  case  soak-out  temperatures  for 
the  motor  firing  at  HOT  (43*C)  and  at  30"F  (-1"C)  for  the  same  motor  action  time  is  not 
constant  throughout  the  duration  of  heat  soak.  Apparently,  with  the  same  amount  of  propel¬ 
lant  in  the  motor  chamber,  the  action  time  also  will  be  different  for  the  motor  firing  at  differ¬ 
ent  initial  propellant  temperatures.  These  wrongfully  adjusted  and  reported  data  were  used  in 
References  10  and  11  and  in  an  earlier  version  of  this  study.  The  temperature  data  used  in 
the  present  study  are  obtained  from  test  data  of  Reference  9,  without  any  adjustment  or  modi¬ 
fication. 

W’th  the  boundary  conditions  discussed  above  and  the  heating  rate  enhancement  factors 
indicated  in  Figure  6,  the  soak-out  thermal  environments  computed  from  the  present  thermal 
model  for  all  the  PAM  qualification  motors  of  Thble  1  are  shown  in  Figures  9  through  11. 

Very  good  agreement  between  the  analysis  results  and  the  test  data  from  qualification  motors 
at  various  motor  spinning  rates  is  obtained  at  all  the  stations  considered  in  Figure  2.  This 
demonstrates  that  the  simple  thermal  model  \^th  the  soak-out  thermal  environment  deter¬ 
mined  by  one  single  parameter,  the  slag  mass,  works  well  for  correlating  the  temperature  data 
obtained  from  the  PAM  qualification  motor  tests.  For  the  PAM  motor,  the  soak-out  heating  is 
found  to  be  most  severe  on  the  forward  dome  of  the  motor  case  from  the  ground  tests. 
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because  of  thin  rubber  insulation  thickness  on  the  forward  dome.  On  the  aft  dome  of  the  mo¬ 
tor  case,  the  temperature  versus  time  curve  in  Figure  11  also  shows  the  slope  at  the  end  of 
motor  firing,  which  is  used  to  derive  the  insulation  erosion  rate  for  the  qu^fication  motors. 
The  computed  peak  temperatures  are  plotted  in  Figure  6  for  all  the  qualification  motors  con¬ 
sidered  in  this  study.  At  each  station,  test  data  obtained  from  the  thermocouples  with  the 
highest  temperature  reading  are  used  for  analysis  comparison.  These  thermocouples  are  TC2, 
TC5,  and  TC14  at  forward-,  mid-,  and  aft-dome  stations,  respectively,  which  are  specified  in 
Reference  9  and  shown  in  Figure  2. 

Somewhat  surprising  results  are  noticed  from  temperature  data  correlation  on  the  mid 
dome  of  the  qualification  motors.  The  soak-out  radiation  heating  rate  decreases  slightly  with 
increased  slag  mass  from  0.14  lb  (0.06  kg)  (Q2  motor)  to  1.5  lb  (0.7  kg)  (Q7  motor)  and  4.5  lb 
(2.0  kg)  (Q5  motor)  shown  in  Figure  6.  A  possible  explanation  is  that  centrifugal  force  from 
motor  spinning  causes  the  slag  to  accumulate  near  the  cylindrical  portion  of  the  motor;  also, 
the  solidified  surface  of  the  slag  in  the  mid-dome  area  shields  off  radiation  heating  from  other 
parts  of  the  chamber  and  the  nozzle  during  heat-soak. 


Figure  7.  Q-5  Motor  Forward-Dome  Soak-Out  Temperature 
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Figure  9.  Forward-Dome  Soak-Out  Temperature  (comparison  with  test  data) 
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Figure  10.  Mid-Dome  Soak-Out  Temperature  (comparison  with  test  data) 


Figure  1 1 .  Aft-Dome  Soak-Out  Temperature  (compariscKi  with  t^  data) 
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5.  FLIGHT  MOTOR  DATA 


From  recovered  flight  strategic  motors  such  as  the  THdent-I,  Stages  ^ .  *  ’  and  the 
Peacekeeper,  Stage  1,  more  internal  insulation  erosion  is  observed  on  tht  f ..  ra  dome  of  the 
motor  case  of  a  flight  motor  than  that  of  the  same  motor  tested  on  the  ^  ^  \  on  the  aft 

dome,  less  insulation  erosion  is  measured  on  the  flight  ftrategic  motor  w’  o  .  .  ground  mo¬ 
tor.^  For  the  PAM-S/Ulysses  motor,  the  forward-dome  insulation  is  covered  the  propellant 
and  will  not  be  exposed  to  hot  combustion  products  until  near  the  end  of  b>  jU.  Therefore,  the 
flight  enhancement  of  insulation  erosion  wiU  not  affect  the  PAM-S  motor  s  ‘  s  ;ard-dome 
insulation  design  derived  firom  ground  motor  data. 

On  the  aft  dome,  the  results  of  the  present  anafysis  for  the  Delta/PAM-D/SBS-B  flight 
motor  (50  rpm,  4.8  axial  g’s),  which  was  launched  in  September  1981,  are  compared  with  the 
flight  temperature  data^  in  Figure  12.  For  this  flight  motor,  the  erosion  rate  is  2.5  mil/sec 
(0.064  mm/sec)  from  Figure  4.  Note  that  the  aft-dome  thermal  environment  is  less  severe  cm 
the  flight  motor  than  on  the  ground  motor.  Tb  get  a  good  match  with  the  flight  temperature 
data,  significant  reductiem  is  required  in  both  insulation  erosion  rate  and  heated  surface  tem¬ 
perature. 

The  benign  thermal  enviremment  cm  the  aft  dome  of  the  flight  motor  could  be  the  result 
of  the  axial  acceleraticm  force  which  caused  near-statiemary  spotty  ccmtact  between  alumina 
particles  and  EPDM.  The  charred  £PDM  layers  were  pressed  against  the  motor  interior  sur¬ 
face.  The  retained  EPDM  char  layers  shielded  off  the  radiation  heating  from  other  parts  of 
the  chamber.  IMthout  removal  of  the  charred  EPDM  layers,  the  erosion  rate  is  reduced  sig¬ 
nificantly,  and  thermal  penetration  is  less  severe.  The  temperature  data  from  die  Delta/PAM- 
S/SBS-B  fli^t  motor  indicate  that  the  aft-dome  temperature  predicted  from  the  present  tech¬ 
nique  for  a  flight  space  motor  is  conservative.  This  can  be  viewed  as  less  insulation  erosion  m 
the  aft  dome  of  the  flight  PAM  motor,  wh'ch  is  consistent  with  the  result  observed  from  the 
recovered  flight  strate^c  motors. 


6.  PREDICTION  FOR  PAM-S/ULYSSES  MISSION* 


An  analysis  method  for  accurate  determination  of  the  amount  of  slag  in  the  chamber  of  a 
spinning  flight  motor  is  not  yet  well  established.  The  nominal  amount  of  slag  retained  in  the 
motor  chamber  for  the  PAM-S/Ulysses  mission  was  estimated^  to  be  27  lb  (12.2 1^);  and  the 
worst  case  (+3  sigma)  value  was  estimated  to  be  40.5  lb  (18.4  kg).  For  the  PAM-S/Utysses 
mission  (72  rpm,  90-sec  bum),  the  predicted  temperature  Ir-'story  on  the  outside  surface  of  the 
motor  case  from  the  present  analysis  is  shown  in  Figures  13  through  15,  which  are  obtained 
from  the  extrapolation  of  the  heating  rate  enhancement  factors  to  these  slag  masses  shown  by 
the  dash  lines  in  Figure  6.  The  peak  soak-out  temperatures  on  the  motor  case  from  the  pres¬ 
ent  thermal  models  also  are  shown  in  the  same  figure.  A  plot  of  q/qo  versus  the  log  of  the 
slag  mass  (or  the  log  of  q/qo  versus  the  log  of  the  slag  mass)  will  result  in  the  heating  rate-slag 
mass  curve  being  closer  to  a  straight  line  than  that  shown  in  Figure  6.  But  the  ^ctrapolaticn 
based  on  linear-log  (or  log-log  plot)  will  be  less  conservative  than  that  shown  in  Figure  6  for 
the  PAM-S/Ulysses  mission.  For  example,  the  ^ctrapolation  in  Figure  6  shows  that  at  40.5-lb 
(18.4-kg)  slag,  q/qo  -  3.6  and  4.06  at  the  forward  and  aft  dmne,  respectively;  whereas  the  ex¬ 
trapolation  in  a  linear-log  plot  will  result  in  q/qo  =  Z65  and  Z80  at  the  forward  and  aft 
domes,  respectively. 

Note  from  Figure  6,  for  the  motor  case  covered  with  MU  blankets,  that  the  peak  temper¬ 
ature  for  the  +3  sigma  case  {40.5-lb  (18.4-kg)  slag]  of  the  PAM-S/Ulysses  mission  is  810*F 
(432*C)  (770’F  +  40*F)  (410*C  +  22*C)  on  the  forward  dome,  from  this  analysis.  Since  the 
maximum  allowable  temperature  for  Kapton-based  MU  is  approximatefy  750*F  (399*C),  the 
use  of  high-temperature  quartz  cloth  to  cover  the  motor  case,  underneath  the  MU  blankets, 
will  be  helpful  to  maintain  the  integrity  of  MLI  blankets  and  to  reduce  the  possibility  of  out- 
gassing  of  Kapton  at  high  temperature,  which  could  contaminate  the  spacecraft.  The  titanium 
motor  case,  however,  can  tolerate  a  slag  mass  of  40.5  lb  (18.4  kg)  in  the  motor  chamber,  since 
the  melting  point  of  titanium  is  3074*F  (1690’C),  and  its  usable  temperature  is  above  lOOO'F 
(538'’C)  after  motor  burnout  when  the  chamber  pressure  drops  to  a  negligible  valiK.  The 
present  analysis  predicts  no  motor  case  bum-through,  even  for  a  +3  sigma  (40.5-lb)  (18.4-kg) 
slag  in  the  chamber  of  the  PAM  motor. 

A  remaining  question  to  be  answered  is  whether  the  PAM-S/Ulysses  nt^e  support 
structure  will  become  "fledble”  or  “overheated”  during  motor  firing  or  heat  soak.  A  detailed 
2-D  thermal  antdysis  for  the  Star-48  nozde  is  g^ven  in  Reference  13.  An  improved  method  of 
analysis  that  considers  charring  and  material  ablation  in  a  two-dimensicmal  space  can  be 
found  in  Reference  14  for  the  lUS  small  motor,  and  the  same  methodcriogy  can  be  applied  to 


*Follo«nng  presentation  of  tha  material  ds  a  paper  at  the  AIAA/SAE/ASME/ASI^  2^  Jc^t  FtopuHon  Confer¬ 
ence  in  Orlando,  Florida  on  17  July  1990,  the  (>rbiter/IUS/IAM-S/Uh«e$  was  launched  sttcoessftilfr  femn  Lminch 
Complex  39B,  l^nnedy  Space  Center,  C^pe  Canaveral,  Fh»ida  on  6  October  1990.  All  fl^t  objetmves  were  met 
satisfKtorily,  bteed  on  preliminary  evaluation  of  telemetered  data. 
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Figure  13.  Forward-Dome  Soak-Out  Temperature  (analysis  results) 
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Rgure  15.  Aft-Dorrw  Soak-Out  TerTY)erabjre  (analyst  r^irits) 

the  PAM-S  motor.  Hotraver,  for  a  qualitative  assessment  of  nozzle  thermostmctural  int^ty 
due  to  the  presence  of  slag  in  the  motor  chamber,  similar  1*D  thermal  analysis  as  that  finr  the 
motor  case  is  carried  out  at  the  statkm  with  the  thinnest  EPDM  insulation  (035  in.)  (14  on) 
as  indicated  by  the  dashed  Line  in  Rgure  3,  udieie  the  titanium  nozzle  closure  thidoiess  is  0.10 
in.  (0.25  cm).  The  EPDM  e'^isic:-  rate  is  2.60  mil/sec  (0.07  mm/sec)  at  72  rpm  fitooi  Figure  4. 
With  tiiis  erosicHi  rate  and  the  |’ai;;cie  st^dificatkm  temperature  of  3720*F  (2049*C)  aj^riied 
(Ml  the  EPDM  heated  surface  d;''*<.g  okMcm^  firii^;  and  the  radiatitm  l^ating  rate  obtained 
frcHn  Figure  6  [40.5-1b  (lB.4^kg)  -  I'  ]  during  heat  soak,  the  cateulated  temperature  histny 
the  titanium  nozrie  suppon  !i>g  u'  ^hown  in  Figure  16.  The  maximum  temp^tv'e  at  the  tita¬ 
nium  iKizzie  support  ring  sia>s  cot^'  at  the  end  of  bum  and  remdies  396'F  (202*Q  at  600  sec 
fr(Mn  igniticMi.  Shown  the  same  h^e  for  comparison  are  the  predk^  aft-tkane  tempera¬ 
ture  historic  for  the  orntm.  The  analysis  at  this  nozzle  statkm  im&ates  tiud 

slag  accumulatiim  in  the  chamber  is  not  expected  to  cause  strength  d^radatkm  of  the  tita¬ 
nium  mKtrie  support  ring  for  the  PAM-S/Ulysses  missiem  at  this  statkm  with  the  ^nnest 
EPDM  insulati(m. 

The  analysis  and  results  presoited  Iwrein  can  be  used  to  assess  tte  anKmnt  of  dag  re- 
taimd  in  the  char.'ber,  if  the  thermal  environment  of  tlm  f(»ward  diMne  is  nKmikned  durii^ 
fli^t  To  (ki  so,  0%  radiatiem  aihaiK«mmit  factor  of  Figure  6  needs  to  be  firmly  establish 
for  the  increased  slag  masses  (xmditiem  and  derived  frinn  all  the  available  gnmnd  test  data. 
This  requires  that  s(m%  ground  mMor  t»ts  be  carried  out  at  higher  riMn  than  that  of  the 
available  nxmir  tests.  Ground  motm  tests  ccmducted  on  a  (^trifuge  in  lieu  of  a  high  motCNr 


R^e16.  ^-Dome  and  Nozzle  CtosiM^e  T»T^)era(ttire 


spinning  rate  will  be  hdpful  in  retaining  an  increased  amount  of  slag  in  tlM»  chamb^.  The 
r^tionsbip  b^ween  the  radiation  aihancannit  fa<^  ami  slag  mass  for  other  motors  with 
different  chamber  and  grain  design  than  that  cff  the  PAM  rootmr  magr  not  be  the  same  as  that 
givmi  in  IHgure  6  and  neetb  to  be  derived  from  mottn  test  data.  Once  the  radiatioD  enhance¬ 
ment  foctm  and  thermal  environmoit  associated  with  various  slag  masses  in  the  diambm^  are 
established  fm  a  spinning  ground  motm,  it  will  be  an  ea^  matter  to  af^  die  {uesent  th^- 
mal  analysis  tedinique  for  slag  mass  asses«nmit  throu^  a  matdiing  fwrwmd-dome,  soak-out 
temperature  hisuny  with  that  roonitmed  fiom  a  fli^  motm.  By  the  same  token,  the  {ne^it 
theiinal  modd  abo  can  be  used  f(w  assessing  the  imulatkm  modon  rate  a  fli|^  motm,  tf 
tlte  thomal  mivironnmt  in  the  full  cqiosure  area,  like  the  aft  dome  of  the  PAM  moh«, 
is  monitoied. 

The  presoit  anab^is  ne^  to  be  bmdced  by  an  effective  means  oi  de^mifiii^  wfame  the 
dag  pod  is  within  the  mdm  during  firing.  Analysis  methods  fm  solving  gas^iaitid^  two- 
idiase,  iimscid  flows  were  giv»i  in  RdereiKes  15  and  16.  An  effir^t,  finite-dei^tt  me^id 
fm*  striving  Navier-Sttrites  flows  inside  solid  rocket  motors  was  {newnted  in  RdSnence  17.  Hot- 
ther  snidy  along  this  line  fm  gas-partide,  two-phase,  viscmis  with  radial  acc^atkm 
(sfrinning  rodcet  motm')  and  axial  mxderatimi  (fii^t  motm)  may  {novide  accurate  detmnuna* 
tion  of  tte  aoNMmt  and  iocatim  df  tlte  slag  in  the  sfrinning  flight  mdor  diamb^. 
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A  prer^uisite  for  a  reliat^  prediction  or  assessment  (rf  a  sfrimii^  ^^t  motor  tbramal 
emtironn^t  is  an  anal^  mettod  witich  is  simple  oiou^  to  us^  ^  piondes  ansdfsis  resute 
in  good  afreetnent  mth  tbe  data  (rfHained  from  available  gnwnd  OK^  t^.  The  themial 
nwdel  and  correlaticxi  todmique  presrated  in  this  r^it  r^csoits  a  maaoscofM  api^oad^ 
to  a  very  comj^cated  imAiem  and  falls  into  this  cat^my. 
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7.  CONCLUSIONS 


Veiy  good  agreement  between  analysis  results  and  ground  test  data  for  the  motor  case 
temperature  histories  throughout  motor  firing  and  the  heat  soak  period  of  the  spinning  PAM 
qualification  motors  at  various  motor  spinning  rates  is  obtained  from  the  simple  thermal 
model  developed  in  this  study.  In  the  area  in  which  insulation  is  exposed  to  combustion  prod¬ 
ucts  during  motor  firing,  the  insulation  erosion  rate  is  a  function  of  the  motor  spinning  rate. 
The  slag  mass  is  considered  to  be  the  single  parameter  which  influences  the  chamber  thermal 
environment  during  heat  soak.  The  analysis  predicts  no  motor  case  bum-through  or  nozzle 
support  ring  thermostructural  degradation  for  the  PAM-S/Ulysses  flight  motor  with  40.5-lb 
(18.4-kg)  slag  retained  in  the  chamber.  For  a  spinning  flight  motor,  the  study  illustrates  a  way 
to  assess  the  insulation  erosion  rate  during  motor  firing  and  the  amount  of  slag  accumulated 
in  the  chamber  during  heat  soak,  from  monitoring  or  sensing  the  temperature  on  the  outside 
surface  of  the  motor  case,  lb  establish  the  applicable  limit  of  the  present  correlation  t^h- 
nique  for  much  greater  amounts  of  slag  in  the  motor  chamber  than  those  shown  herein,  data 
obtained  from  tests  conducted  at  high  rpm  and/or  high  acceleration  are  required. 
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NOMENCLAtURE 


CMA 

charring  and  material  ablation 

EPDM 

ethylene  propylene  diene  monomer 

g 

acceleration  of  gravitational  force,  32.2  fl/sec^  (9.8  m/sec^ 

lUS 

inertial  upper  stage 

MU 

multi-layer  insulation 

06. 

designation  for  qu:’*fi''iv.on  motors 

payload  assist  module 

reference  soak*oi;t  radiation  heating  rate.  Btu/scc-ft^(cal/sec*cm^ 

q 

soak-out  radiation  heating  rate,  Bta/sec-ft^(cal/sec-cm^ 

^max 

maximum  motor  case  temperature;  *F  (*C) 
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